Single-column ion-exchange chromatography has appeared as a unique technique with a variety of separation characteristics by using an aqueous solution of a weak electrolyte as an eluent and refined by being associated with an indirect detection technique. This technique has a disadvantage that 2 peaks other than a peak of a sample ion, an injection peak and a system peak, appear on a chromatogram by means of perturbation of the concentration of the component of a mobile phase caused by some equilibria in a mobile phase and between a mobile phase and a stationary phase. In anion-exchange chromatography, the injection peak and the system peak have been understood to be a peak of components without any interaction with a stationary phase, and as a peak caused by the adsorption of a free acid species on a stationary phase, respectively. And a sample anion was considered to form a peak mainly by ion-exchange equilibria with a charged species occupying ion-exchange sites on a stationary phase.
Introduction
Single-column ion-exchange chromatography has appeared as a unique technique with a variety of separation characteristics by using an aqueous solution of a weak electrolyte as an eluent and refined by being associated with an indirect detection technique. This technique has a disadvantage that 2 peaks other than a peak of a sample ion, an injection peak and a system peak, appear on a chromatogram by means of perturbation of the concentration of the component of a mobile phase caused by some equilibria in a mobile phase and between a mobile phase and a stationary phase. In anion-exchange chromatography, the injection peak and the system peak have been understood to be a peak of components without any interaction with a stationary phase, and as a peak caused by the adsorption of a free acid species on a stationary phase, respectively. And a sample anion was considered to form a peak mainly by ion-exchange equilibria with a charged species occupying ion-exchange sites on a stationary phase.
This idea succeeded only in part in interpreting quantitatively solute retention in ion-exchange chromatography by correlating with components in an eluent. [1] [2] [3] Recently, such solute retention was well understood based on an electrostatic model in which ion-exchange and adsorption of a sample ion at an interface between an electric double layer and a mobile phase liquid were considered to occur concurrently. 4 If each anion-exchange equilibrium involved in solute retention can be properly characterized, solute retention can be expected to be well understood based on an ion-exchange equilibrium model (a stoichiometric model). Hoover 5 proposed such a model in which carbonate, bicarbonate and hydroxide ions acted as active eluting species, and use of an intereluent selectivity coefficient for describing the experimental reduced retention volume of a given sample anion on the basis of the proposed model. Yamamoto, et al. 6 reported the use of the improved Hoover's model for expecting the retention volume of some polyvalent anions. These approaches involved some problems in which the intereluent selectivity coefficient was estimated in difficult. Thus, a more simple treatment is necessary to understand the experimental solute retention.
In this study, the retention volume of a sample anion was observed as a function of the pH of a mobile phase at a fixed concentration of an eluent in single-column anion-exchange chromatography using 2-phenylmalonic acid or 1,4-benzenediacetic acid as an eluent. These compounds were selected as eluents because different concentrations of 2 electrically charged species, a hydrogen dicarboxylate ion HEand a dicarboxylate ion E 2-, were given in a mobile phase by changing the pH of the mobile phase, and thereby the eluting power of the mobile phase was able to be easily controlled. After conditioning a separating column, active sites for anionexchange on a stationary phase were occupied by these 2 eluent species at a different ratio, depending on the pH. Thus, solute retention in this case was considered to involve 2 equilibria, an anion-exchange of a monovalent sample anion either with a hydrogen dicarboxylate ion or with a dicarboxylate ion. This paper describes how to relate the experimental solute retention with a concentration of an ionic species of an eluent and a hydrogen ion. , NO3 -, NCS -and NO2 -) were observed as a function of the pH of a mobile phase at a fixed concentration of 2-phenylmalonic acid or 1,4-benzenediacetic acid used as an eluent. The experimental retention volume of such an anion was decreased with an increase in the pH of a mobile phase, and was able to be described by the following equation taking account of anion-exchange equilibria of a sample anion with a hydrogen dicarboxylate ion (HE -) and with a dicarboxylate ion (E 2-):
, where VR′, mT, w, Ka2, Kex1 and Kex2 are the adjusted retention volume of a given sample anion, the capacity for the anion-exchange of column packings and the weight of column packings packed into a separating column, the second acid-dissociation constant of the dicarboxylic acid used as an eluent, and equilibrium constants for the anion exchange of a sample anion with a monovalent hydrogen dicarboxylate ion and with a divalent dicarboxylate ion, respectively. The term α1s, defined as Kas/([H + ] + Kas), where Kas is the acid-dissociation constant of HX, is the mole fraction of a sample anion, X -, and is equal to 1 when using a strong acid anion as a sample anion. 
Experimental
The used chromatograph was assembled in the laboratory by incorporating the following devices: a Hitachi L-6000 pump, a Rheodyne 7152 injector, a Kyowa S-310A UV spectromonitor, a Hitachi 2710-SA-IC packed column, and a Hitachi D-2000 chromato-integrator as a recorder.
An Ito MS-R50 microsyringe was used for injecting a sample solution. A Hitachi U-2000 spectrophotometer was used for observing the absorption spectrum of an eluent. A Horiba F-16 pH meter was used in connection with a Horiba 6367-10D combined pH-glass electrode for measuring the pH value of a mobile phase.
Reagents
2-Phenylmalonic acid (Tokyo Kasei Kogyo Co., Ltd., GR grade) or 1,4-benzenediacetic acid (Sigma-Aldrich Co., Japan, GR grade) was used as an eluent without further purification. A 1.00 × 10 -3 mol dm -3 aqueous solution of this compounds was prepared by dissolving the desired amount of this reagent in distilled water and by adding sodium hydroxide for adjusting the pH, and used as a mobile phase. The other chemical reagents were of analytical reagent grade and used to prepare sample solutions.
Procedure
The monitoring wavelength of the detector was fixed at 256 nm for 2-phenymalonic acid and at 261.4 nm for 1,4-benzenediacetic acid, respectively. A separating column was conditioned by flowing an aqueous solution of each dicarboxylic acid at a flow rate of 1.0 cm 3 min -1 until a stable baseline was detected on a chromatogram. After confirming that no drift of a baseline was caused by injecting 20 mm 3 of water twice or three times, a chromatogram was recorded for each injection of 20 mm 3 of a sample solution. For each sample anion, the average value was calculated from three observed values of the retention volume for the peaks of the almost same area. The adjusted retention volume of a sample anion was estimated by subtracting the retention volume of an injection peak from the above-calculated average retention volume.
Results and Discussion
The acid-dissociation constants of 2-phenylmalonic acid and 1,4-benzenediacetic acid used as eluents were first determined from a change in the pH of aqueous solutions of these compounds, prepared by adding a different amount of sodium hydroxide solution.
Taking account of two stepwise dissociation of these dicarboxylic acids in an aqueous solution and partial neutralization of such an acid solution with sodium hydroxide, the mass balance for the dicarboxylic acid and a charge balance of an aqueous solution of this compound adding sodium hydroxide can be written as follows:
[
where CE is the total concentration of the dicarboxylic acid, 
and
Thus, we obtained
Then, the following equation was derived: Figure 1 shows that an experimental plot of (CNa
can be marked along a linear curve with a positive intercept and a positive slope. Since this linear curve was well approximated by the linear-regression method, the first and the second aciddissociation constant of the dicarboxylic acid can be estimated from the slope and the intercept of this linear graph, as follows: the estimated values of pKa1 and pKa2 are 2.77 and 5.59 for 2-phenylmalonic acid, and 4.00 and 4.91 for 1,4-benznendiacetic acid, respectively.
In single-column anion-exchange chromatography, the retention volume of each sample anion was measured together with those of an injection peak and a system peak as a function of the pH of a mobile phase at a fixed concentration of the 2-phenylmalonic acid or 1,4-benzenediacetic acid used as an eluent. The experimental retention volume of the injection peak was observed keeping almost constant regardless of the nature of the sample anion injected, and even when varying the pH of the mobile phase. The authors regarded the retention volume of an injection peak as a dead volume of the separating column used, because an injection peak was considered to be formed by concentrating components without any interaction with the column packings such as cations except for the hydrogen ion. Thus, the adjusted retention volume of a sample anion was estimated by subtracting the retention volume of an injection peak from that of a sample anion. Figure 2 shows that the retention volume of each sample anion was decreased with an increase in the pH of the mobile phase when using 1,4-benzenediacetic acid as an eluent. A similar pH-dependence of the retention volume was observed for respective sample anions when using 2-phenylmalonic acid as an eluent. This decrease in the retention volume is considered to be due to a change in the concentration of two ionic species of the eluent, a monovalent anion HE -and a divalent anion E 2-, caused by increasing pH of the mobile phase. In a low pH region, each sample anion was eluted faster from the separation column when using 2-phenylmalonic acid than when using 1,4-benzenediacetic acid as an eluent. This observation suggests that the concentration of the monovalent anionic species of 2-phenylmalonic acid in the mobile phase is higher than that of 1,4-benzenediacetic acid, because the pKa1 value of 2-phenylmalonic acid is smaller than that of 1,4-benzenediacetic acid. At a relatively high pH, almost the same retention volume was observed for a given sample anion when using both dicarboxylic acids as eluents, indicating that 2-phenylmalonic acid and 1,4-benzenediacetic acid have almost the same elution power. Sample anions were eluted from a separating column at a pH higher than 3.4 in the following order regardless of the nature of an eluent: chloride < nitrite < bromide < nitrate < thiocyanate.
Under the present conditions, an aqueous solution of the dicarboxylic acid contains two anionic species, a monovalent monohydrogen dicarboxylate ion (HE -) and a divalent dicarboxylate ion (E 2-). An increase in the pH led to an increased concentration of electrically charged species of the dicarboxylic acid in the mobile phase. When such an aqueous solution passes through a separating column, sites for anion exchange on the column packings can be considerd to be occupied with these 2 electrically charged species at a different rate, depending on the pH of the mobile phase. Based on this idea, such species may be ion-exchanged with a sample anion (X -):
A symbol (s) specifies the species in a stationary phase. Equilibrium constants for the above anion-exchange reactions can be defined as follows:
For anion-exchange reaction (7) Kex1 = ,
For anion-exchange reaction (8) Kex1 = ,
where the symbol mi indicates the concentration of the species i in a stationary phase (mol g -1 ). The ion-exchange capacity of
the column packings (mT) is equal to the sum of the concentration of the ion-exchange site occupied with a sample anion X -, and 2 electrically charged eluent species, HE -and E 2-, as Hoover considered:
For avoiding difficulties to calculate the intereluent coefficient defined by Hoover, 5 substituting the concentrations mHE -and mE 2-derived from the Eqs. (9) and (10) into the above equation, the following equation can be written:
The distribution constant of a sample anion, KDX, is defined as
where CX -is the total concentration of a sample anion, which is equal to [X -] when using a strong acid anion as a sample anion, and a total concentration of a free acid species, HX, and an anionic species, X -when using a weak acid anion as a sample anion. Using a weak acid anion as a sample anion, the distribution constant of a sample anion is defined as
where Kas and α1s are the acid-dissociation constant of a free acid of a sample anion and the mole fraction of a charged species of a sample anion at a given pH, respectively. Considering that the adjusted retention volume VR′ is expressed as VR′ = KDXw, we obtained
where w is the weight of the column packings loaded in the separating column. When CX -→ 0, Eq. (12) is arranged in the following form:
where Ka2 is the second acid dissociation constant of the corresponding dicarboxylic acid used as an eluent. When using a strong acid anion as a sample anion, Kas » [H + ], that is, the term α1s is equal to 1. Then, Eq. (16) can be simplified as
Since the equation is derived in a linear form, no treatment is required for further linealizing. Figure 3 shows that a linear graph is drawn on a α1s/(VR′[HE -]) vs. VR′/(α1s[H + ]) diagram for each sample anion by plotting the experimental data observed by using 1,4-benzenediacetic acid as an eluent. A similar linear graph was also obtained by plotting experimental data observed by using 2-phenylmalonic acid as an eluent. The linearregression method gave the numerical values of an intercept and a slope with a good correlation coefficient (r = 0.99 -1.00). From these numerical values of the intercept and slope, equilibrium constants for anion-exchange of a sample anion with a hydrogen dicarboxylate ion (HE -) and with a dicarboxylate ion (E 2-), Kex1 and Kex2, were calculated using mT = 2.0 × 10 -5 mol g -1 , w = 0.290 g and pKa2 = 5.59 for 2-phenylmalonicic acid, and pKa2 = 4.91 for 1,4-benzenediactic
acid. An assurance value of the supplier (2.0 × 10 -5 mol g -1 ) was used as the ion-exchange capacity of the column packings (mT) without any further correction. The weight of the column packings was determined by weighing the column packings, which were taken out of an exhausted column and dried under reduced pressure. Table 1 lists the logarithmic values of Kex1 and Kex2 for each sample anion for every dicarboxylic acid eluent. For any sample anion, the value of log Kex1 obtained by using 2-phenylmalonic acid as an eluent is similar to that obtained by using 1,4-benzenediacetic acid as an eluent. However, the value of log Kex2 obtained by using 2-phenylmalonic acid as an eluent is smaller than that obtained by using 1,4-benzenediacetic acid as an eluent. The adjusted retention volume of each sample anion calculated by using these numerical values of Kex1 and Kex2 is shown as a dot line in Fig. 2 compared with experimental plots of the adjusted retention volume. Each dot line passes through, or near the experimental points, indicating that the linear regression of the experimental adjusted retention volume gave reasonable results. For confirming whether these values of Kex1 and Kex2 are acceptable or not, the selectivity coefficient of these sample anions to chloride ion, KCl X , were estimated and compared with those observed using a strong base type of anion-exchange resin, Dowex1 and Dowex2. Table 2 shows that the values of the selectivity coefficient calculated in the present study are almost the same regardless of the nature of the eluent used. This result supports that the selectivity coefficient is independent of the nature of the eluent and implies that the Kex1 and Kex2 are calculated as reasonable values. These values of the selectivity coefficient are somewhat smaller than those reported by Wheaton and Bauman for Dowex1 and Dowex2. 7 However, taking any difference in the type of anion-exchange resin into account, such a difference in the selectivity coefficient should be considered to be less important.
Furthermore, there should be a simple relationship between species, because the active sites for anion-exchange on column packings were occupied with these two anionic species. However, since the active sites are considered to be almost completely occupied by a divalent E 2-species for both acids at a pH of over 4.1 -4.3, each sample anion can be ion-exchanged only with a divalent E 2-species of a dicarboxylic acid eluent in this pH range.
The above results and discussion mean that the solute retention in anion-exchange chromatography can be reasonably understood on the basis of a model that contains two anionexchange equilibria of a sample anion with a monovalent HEspecies and with a divalent E 2-species of a dibasic acid eluent. Also, an acceptable value can be estimated as a selectivity coefficient toward chloride ion for any sample anion. Studies on this aspect are now in progress using another type of an organic acid as an eluent.
